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Abstract—Wave Energy Converters (WECs) are being developed 
as a viable green energy solution to meet power needs for coastal 
communities. This paper presents the initial work on a fixed 
multi-chamber OWC (MCOWC) concept. The paper reports 
theoretical and experimental modeling. It begins with initial tests 
to verify the simple idealized model of a fixed OWC multi-
chamber concept. These take place under small-amplitude 
regular-wave wave tank conditions. The analysis is carried 
through to assess the effect of the Capture Width 
(Hydrodynamic efficiency). Experimental data is put forward 
from the mounting of level sensors and anemometers to test the 
hydrodynamic performance of a fixed MCOWC at different 
wave periods. The orifice effects of the chamber on the relative 
amplitudes of the inner free water surface and air flow rate in 
the duct are investigated. The experimental results will be used 
as real case data in order to optimize the orifice area and to 
maximize the chamber power according to the air flow velocity 
above the water surface inside the chambers. 
Keywords— Renewable energy, wave energy, Oscillating water 
column 
I. INTRODUCTION 
Renewable energy has gained much attention and there is a 
substantial body of both theoretical and experimental research 
[1]. A wide variety of technologies have been proposed, 
studied and a few tested in real condition at full size [2]. Of 
the new technologies, wind and wave have reached a degree 
of mature technology. Ocean wave energy is regarded as one 
of the major renewable energy resources with great potential 
for development over the course of the next few years but it is 
still virtually untapped. It has the advantages of a high energy 
density and continual availability [2][3]. 
The oscillating water column (OWC) is one type of wave 
energy converter (WEC). It is designed to extract energy from 
ocean waves by using water to move trapped air and thus 
drive an air turbine.  
The OWC device is considered as the oldest and the most 
widely researched type of the wave energy device. It has been 
successfully constructed and tested at several sites. There are 
several reasons for using this device; the low operational cost, 
and the only moving part of the energy conversion mechanism 
are the rotors of a turbine. Hence it has less negative 
environmental impact [4]. Many devices operate in real ocean 
waves [5]; the most powerful wave energy devices 
constructed were the Osprey in the UK in 1995, and the the 
greenWave device in Australia in 2014. Both were rated 1 
MW and near-shore plants. Both were severely storm 
damaged. Recently the successful deployment of a OWC at 
Jeju Island, South Korea, worked at rated power of 500 kW. 
These successful devices show that the obstacles can be 
overcome with further research [6]. Table 1 summarizes most 
of the OWC devices that have been installed in various 
countries with the real or expected capacity and the turbine 
type that was used to extract the power.   
TABLE  I THE MAIN LARGE SCALE FIXED STRUCTURE OWC DEVICES 
INSTALLED AROUND THE WORLD THOSE SHOWN IN BOLD DID NOT WORK [6]. 
Location Capacity Technology 
Norway, Toftestallen, 
near Bergen (1985) 
500 kW 
expected  
Full-size shore-fixed OWC 
with vertical axis Wells 
turbine  
Japan, Sakata (1990) 60kW 
Full-size shore-fixed OWC 
integrated with breakwater 
with Wells turbine 
India, Trivandrum, Kerala 
State (1990) 
125 kW 
Full-size shore-fixed OWC 
with vertical axis Wells 
turbine 
Scotland, Island (1991) 75kW 
Full-size shore-fixed OWC 
with Wells turbine 
(academic purpose) 
China, Scottish coast 
(1995) 
1MW 
expected 
Full size near shore 
bottom –standing OWC 
Portugal, Pico, Azores 
(1999) 
400kW 
Full-size shore-fixed OWC 
with horizontal axis Wells 
turbine 
Scotland, UK, A rocky 
cliff (2000) 
500kW 
Full-size shore-fixed OWC 
with horizontal axis Wells 
turbine 
China, Guangdong 
Province (2001) 
100kW 
Full size shore-fixed OWC 
with Wells turbine 
Australia, Port Adelaide 
(2005)  
1MW 
expected 
Full-size bottom- standing 
OWC with horizontal axis 
Wells turbine 
South Korea, Yongsoo  500kW 
Full-size bottom- standing 
OWC with Wells turbine 
The basic principle of the OWC is that it is a structure with 
one or more chambers that are open to the sea at their base. 
The water oscillates within the chamber and this is derived 
from the wave action outside the chamber(s). The motion of 
the air above the water surface and the air flow both in and out 
of the chamber drives the turbine to produce electricity [7]. 
The OWC is suitable for fixed mounted or floating 
configurations. Flexibility in the choice of the deployment 
depth and location one of the advantages of the floating device 
but fixed systems are still preferred on account of their 
simplicity and they are the focus of the present article [8]. 
The structure of the OWC is one of the critical design 
issues, one of the innovative ideas to overcome this problem is 
to integrate the device into a breakwater for a coastal area or 
harbour [9]. There are several advantages to this, such as 
shared construction costs, and the access for construction, 
operation and maintenance become much easier; this simple 
integration led the OWC to be successfully adopted for the 
first time in Sakata, Japan, in 1990. 
The primary difficulties facing wave energy converters 
development, according to Clément  [10], are: 1) the  wave 
amplitude, phase, and direction are irregular; 2) the structural 
loading in the event of extreme weather conditions; 3) the 
coupling of the irregular, slow motion (frequency < 0.1 Hz) of 
a wave to the electrical generator requires ~500 times 
frequency increase (to, say, 50 Hz). A segmented OWC is one 
method to improve the efficiency of OWC devices with low or 
poor quality wavefronts at the column and is more effective in 
coping with random waves [3]. Using the MCOWC can 
significantly improve the performance of an OWC over a 
wide range of the frequencies compared with the single 
chamber case [4].  
A new design of MCOWC device is put forward where the 
wave front travel across the front of the column rather that 
oncoming into the column front face. The model consists of a 
set of rectangular chambers with open bottoms which share 
single or multiple unidirectional air turbines. The proposed 
model has experienced various stages of development and 
research. Dorrell [6] describes the construction of a small 
multi-chambered OWC system. Then Hsieh et al [7] 
developed and analysed a two chamber OWC; they validated 
the increase in power output due to the use of the multiple 
chamber arrangement experimentally based on the wave 
conditions around Taiwan. Another model which operates 
using the same principle is the Sea-Breath. This is a light 
attenuator; it is still under development at Padova University, 
Italy [8]. LEANCON is a multi-chamber device that is 
arranged in two rows in a V-shaped formation. The hydraulic 
model was evaluated at Aalborg University in Denmark [9]. 
Another V-shaped MCOWC, with 32 chambers, was 
simulated and tested at University College Cork, Ireland 
[10][11]. The evaluation results of the previous MCOWC 
models found that multiple chambers have a significant 
influence on the capture power efficiency in comparison to a 
single chamber. 
There are two powerful research techniques which can be 
employed in the design and development of wave energy 
converters; these are experimental wave tank testing; and 
numerical modeling techniques [11].  
Experimental testing of wave energy devices is a research 
approach that tries to recreate real conditions in a wave tank 
or other environment to obtain data, at lower cost than in 
ocean deployment, to provide significant input into the next 
generation of designs [12]. It has been used to develop a 
fundamental understanding of the hydrodynamic behaviour, to 
develop energy production estimates, and to obtain the 
loading characteristics of several wave energy converters 
under a broad spectrum of conditions  [13][14].   
In the first part of this paper the authors address physical 
model testing under various wave conditions and geometrical 
parameters when tested in the wave tank. This is done because 
of a lack of sufficient experimental studies on the present 
model. During the development stage, a regular wave was 
used to validate and calibrate a mathematical model [12]. 
 In the second part of this work, the investigation of the 
small segment MCOWC is studied in order to assess the 
capture width (CP). This is considered as the most common 
parameter used to define the performance of a WEC [15]. The 
CP is defined as the ratio of the mean power absorption and 
the mean incident power. 
II. EXPERIMENTAL SETUP  
In order to calculate the capture width of MCOWC model,  
linear wave theory is used in conjunction with the available 
wave tank conditions. The amplitude of the incoming wave 
and the air flow through the top outlet of the chamber with an 
open orifice (A2) and without turbine are experimentally 
measured, then the change in chamber pressure calculated by 
the relationship between the air flow and the change of the 
pressure [16]. 
The wave tank used to test the MCOWC has a wave 
generation system with regular generation features by using a 
paddle wave maker. To reach deep-water waves conditions 
then d/L0 = 0.5/1.56 < 0.5 according to [17], where d is the 
water depth and L0 is the tank wavelength. The absorbing 
beach was placed at the end of the wave tank to minimize 
reflections from the radiation and from the OWC itself. The 
wave maker can generate regular waves with periods from 0.1 
to 10 s, and a data acquisition system can control it. The test 
section of the wave tank is 4.3 m long and 0.9 m wide. The 
data in Table I summarizes the characteristics of the wave 
tank. 
The MCOWC model was installed 1.4 m away from the 
wave maker as illustrated in Fig. 1. It was sufficiently large to 
be tested in the wave tank available and to avoid a scaling 
effect. It consists of four chambers, dividing the wavelength to 
four parts to allow each chamber to run as OWC. The wave 
drives a water surface to rise and fall in each chamber, and 
this oscillation generates an air flow to drive the turbines. 
The experimental setup is shown in Fig. 1 shows three 
water level gauges (G1, G2, G3) with resolution ±0.15 mm 
which were situated inside the chamber to measure the 
instantaneous surface elevation. Four pressure sensors (P1, P2, 
P3, P4) were used to measure the air pressure inside each 
chamber, which was placed at 10 mm distance from the upper 
edge of the rectangular section of the chambers. 
III. WAVE-POWER ABSORPTION BY AN MCOWC 
The first series of tests were aimed at determining the 
capture width which is directly related to the wave surface 
elevation inside the chambers. For this purpose, three level 
gauges with resolution ±0.15 mm were situated inside the 
chamber to measure the instantaneous surface elevation as 
shown in Fig. 3. The water depth in the water tank was kept 
constant at 0.5 m for the series of experiments carried out to 
investigate the performance of the multi-chamber OWC under 
different wave conditions.  
TABLE  II CHARACTERISTICS OF THE WAVE TANK 
Wave period 
[s] 
Wavelength  
[m] 
Average wave 
height [m] 
Average wave 
power [W] 
5 10.92 ~0 ~0 
1.6 3.245 0.044 0.72 
1.25 2.174 0.086 2.36 
1.12 1.79 0.087 2.22 
1 1.47 0.088 2.1 
The available wavelength range is longer than the chamber 
length, see the Table I, so that the wave surface level at one 
point can represent the whole surface level variation in each 
chamber according to [18]. In the present analysis, the water 
surface level at the mid-point in each chamber is used in the 
calculation of the chamber performance. 
The hydrodynamic interaction between the OWC and the 
ocean waves is a complex high-order nonlinear process 
[15][19], under a small-amplitude wave tank conditions, it can 
be simplified.   
The water surface profile η(x,t) in the chambers is not flat, 
like a piston, as shown in Fig. 7, which influences the natural 
frequencies of all chambers. The mean wave height across the 
side face of the column [20][ 21] can be described by 
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where the chamber number n = 1, 2, 3, 4.  The theoretical and 
experimental wave surface profiles are illustrated in Fig. 3. 
The power absorbed by MCOWC corresponds to the power 
consume by the power take-off PTO system. In the present 
work, the assumption of using an open chamber with the 
orifice and without a turbine and the PTO was implemented 
through a circular orifice situated on the top of each chamber - 
see Fig. 2 (a) and (c). 
According to linear wave theory, the average power Pw in 
the wave in the direction of wave propagation per crest unit 
width (chamber width), can be expressed as [22] 
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where 𝜌s is the water density [kg/m
3
], and d is wave tank width 
in m. 
The total power available in the wave in (3) can be applied 
for deep to shallow water under wave theory constraints, 
which are satisfied in the wave tank used in this work. The 
energy dissipated or transferred by the waves to the sides or 
bottom of the tank is neglected since the length (4.3 m) of the 
tank is short. If the wave height, period and the water depth 
are known, the wave is fully defined and all of its 
characteristics can be calculated according to small amplitude 
wave theory, see Table II [23].  
The power absorbed can be calculated using the power due 
to input air velocity Pa and power due to inlet pressure Pp. The 
pressures and airflow velocities in this application are 
relatively low. The absorbed power can be obtained from 
 T a PP P P    (4) 
In the case of the MCOWC, each chamber works as an 
individual OWC so that the total power will be the summation 
of all the chambers where 
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The total delivered power Pa during one period of the 
incident wave can be calculated by using the integral of one-
quarter of the period of the incident wave to avoid the negative 
sign due to the water surface being lower than the mean water 
surface line: 
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The air power during one cycle can be represented by 
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where k = 2π/L is the wave number, ρa is the air density in 
(kg/m
3
) and A2 is the area of turbine duct (orifice), see Fig. 3.  
 
Fig. 1. Schematic of experimental setup 
The power due to the air flow (Pa) can be simplified where 
V2 is measured by an anemometer with a real time data logger 
which accurately reads the data - even at low velocities as 
shown in Fig. 5. The probe was inserted just at the opening of 
the inlet of the turbine duct and 
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The velocity of the air above the internal free surface of the 
column V1 (Fig. 3) is 
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2
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where H is the internal water height peak (see Fig. 6). 
According to linear wave theory, the flow is assumed 
incompressible, so that the axial velocity in the turbine 
passage is 
1
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The second term of the absorbed power due to change  air 
pressure (PP), which can be represented as [20]: 
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by using (3) and (4) the capture width of an MCOWC is 
determined as 
d
ff
w
P
P
     (11) 
The calculation result of the capture width at period T = 1 
s, 1.12 s, and 1.25 s, are summarized in the Table III. 
 
Fig. 2. MCOWC model, a) the chamber with a level sensor with the orifice; a 
three-level sensor with open chamber roof;c) MCOWC with level 
sensors and orifice. 
 
Fig. 3. Definitions of column variables. 
IV. DATA ANALYSIS 
The wave height inside the chambers directly relates to the 
air flow velocity from (9) and an increase in air volume will 
enhance the velocity of the air flow at the turbine duct, which 
means increase the power available. Fig. 6 represents the 
RMS values of the wave height inside each chamber at 
different operating conditions (wave periods). There is a clear 
difference in the height of the water surface level inside each 
chamber which consequently leads to the production of 
multiple power levels during the selected period.  
 
Fig. 4. The theoretical and experimental oscillation wave surface elevation 
inside the chambers at 1 Hz. 
 
Fig. 5. The change of air flows velocity during the entry and exit from the 
chamber with frequency change.  
 
Fig. 6. RMS value of the wave height in the chambers at a different period. 
 
Fig. 7. The maximum and minimum free water surface profile inside 
chambers see Fig.2-b 
TABLE III THE POWER OF THE CHAMBERS DUE TO PRESSURE AND AIR FLOW 
AVAILABLE PERIODS 
Power (W) 
Period 
1 s 1.12 s 1.25 s 
Pa 0.232 0.433 0.304 
Pp 0.43 0.827 0.6 
PT 0.662 1.26 0.894 
At a period 1s;  the wavelength of the incident wave is 
nearly equal the chamber length (1.47 m). The relationship 
between the chamber length, wavelength and wave surface 
elevation η is specified in (1) and (2). As can be seen in Figs. 
4 and 5, the chambers work out of phase, chambers 1 and 3, 
work in phase, so they approximately have the same water 
surface level η (see Fig. 6) which related to V1, which in turn 
dictates directly to V2 and hence the chamber power. On the 
other hand, chambers 2 and 4 work on the negative phase of 
the incident wave at the same wave period as seen in Fig. 6.  
Having completed the above analysis, the power values due 
to the air flow were calculated for a half cycle of the water 
surface level oscillation inside the chambers using (6). These 
values can be doubled twice if the turbine is placed between 
the chambers so that it will be able to extract the power due to 
the different water oscillation phases between the chambers 
and much smoother in comparison with the single chamber 
OWC (see Fig. 6). The other term of the power is due to the 
pressure difference between the inlet and the outlet of the 
turbine. If the flow exhausted from one chamber into the next, 
which is out of phase, then there will be increased pressure 
difference so the available power will increase. These results 
support the idea of using the turbine between the chambers as 
the authors refer to previously in order to increase the capture 
width. 
Overall, as shown in Table III, the wave period T = 1.12 s 
gives the best performance (PT = 1.26 W) for all the three 
observing wave periods, due to increasing the V1 as seen in 
Fig. 5. Moreover, the significant difference between the lower 
level and the upper level of the internal surface wave height at 
T = 1.12 s is illustrated in the Fig. 6. 
 
Fig. 8. The Capture width εff at selected periods 
The second series of tests were aimed at studying the effect 
of the change orifice area, which directly effects the power 
due to air flow velocity according to (11). The area of the 
orifice is a significant factor that effects V2 and the capture 
width of the present model. CFD-CFX models were 
developed with different orifice areas of 1.48×10
-3
, 1.03×10
-3
, 
and 7.38×10
-4 
m
2 
with a period T = 1.12 s, and height H = 
0.087 m, for direct comparison. The air flow velocity 
immediately above the internal water surface (V1) was 
selected according to the experimental data for the proposed 
model (A2 = 1.03×10
-3 
m
2
), and it changed according to the 
change in area ratio (0.2, 0.14, and 0.1) respectively.  
Obviously, the selected area orifice area (A2=1.03×10
-3 
m
2
) 
has an average peak power for the available wave tank 
conditions. From the continuity equation, the area ratio (A1/A2) 
is the main factor governing the air flow speed which means 
that the same chamber can generate different air flow speed 
under the same wave conditions by a change in area ratio. In 
the case of a large orifice area, the output power will be large 
with higher friction loss; conversely, a small orifice area will 
produce less energy and less friction loss. However, the 
orifice area will determine the turbine duct area which in turn 
determines the turbine size. The experimental and simulated 
results of the total average available power are plotted against 
orifice area with constant water surface area in chamber A1 in 
Fig. 9. As can be seen, for the selected area ratios, there is a 
significant change in the available power which means that 
the same chamber can generate different air flows under the 
same wave conditions by changing the orifice area. 
The amount of energy extracted is very dependent on the 
wave energy that impacts onto the MCOWC in the direction 
of the wave propagation. The small model was built to operate 
in the wave tank state, but in a real state, the MCOWC should 
be able to change its operation according to many real sea 
states. Therefore, numerical modeling will be carried out in 
the next stages and this will be concerned with harmonic wave 
motion at a given angular frequency ω and to look at the 
performance that may be expected with modified 
configurations. 
 
Fig. 9. Available powers in chambers versus orifice area A2 with constant A1 
using CFD-CFX model simulation. 
V. CONCLUSIONS 
In this paper, experimental tests were carried out on a fixed 
MCOWC. This has a top orifice of area A2 and was open at 
the bottom with area A1. The tests allowed the performance of 
the MCOWC to be investigated in a wave tank. 
The behaviour of the oscillating water surface inside the 
chambers, and the air flow through the turbine duct A2, were 
studied. Regular waves were used. The model size was small, 
and the wave tank conditions were far from the energy 
available in ocean waves, so that the air flow efficiency was 
low. As a consequence, the measured efficiency was low. 
However, this will increase with up-scaling. 
The developed model is validated by the experimental 
results obtained in the wave tank. The simulations allowed for 
changing conditions which would occur in a real ocean. From 
the model prediction work, a suitable design will be proposed. 
This MCOWC design will be based on numerical modeling. 
CFD models that approximate the Navier–Stokes equations 
are also proposed for the next part of the project. 
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